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Abstract
Numerical simulations are carried out aimed at finding a key flow structure which leads to a laminar-turbulent transition
of a boundary layer with streaky structures. In the preliminary computation, an array of cuboids is used to form streaky
structures inside a boundary layer. Then, a disturbance is introduced into the boundary layer by ejecting a short-duration
jet from a hole in the wall into a low-speed region in the streaky structures. Although the boundary layer returns to a
laminar state when the jet velocity is set to 18% of the uniform flow velocity, it eventually turns into a turbulent state
downstream in the 20% case. The differences are investigated in detail in terms of the vortical structures. As a result,
only in the stronger jet case, a flat spanwise vortex is generated beside one leg of a hairpin vortex and it merges with the
streamwise vortex nearby forming an inclined streamwise vortex. On the other hand, the flat spanwise vortex disappears
without being connected to the streamwise vortex in the weaker jet case. The inclined streamwise vortex is stretched by
the mean velocity gradient of the boundary layer growing into a strong vortex, and new vortex structures are generated
around the inclined one, which leads to turbulence. Therefore, the results suggest that formation of the inclined vortex is
the key to transition of the boundary layer.
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Fig. 1 Computational domain.
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Fig. 2 Close-up views of a cuboid and a jet hole.
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Fig. 3 Contour map of streamwise velocity
in the yz plane at x = 100. The dotted
line indicates the outer edge of a
boundary layer defined as a thickness
at u= 0.99.
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Fig. 6 Time variations of volumes of vortical structures defined as Q≥ 0.006.
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Fig. 7 Isosurfaces of Q= 0.006 colored by local streamwise vorticity for the vjet = 0.18 and 0.20 cases.
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Fig. 8 Top view and side view of vortical structures
(black) and low speed regions (white) at t = 100
(vjet = 0.20 case).
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Fig. 9 Top and side views of vortical structures
visualized by Q = 0.0015 surfaces, colored by
the local streamwise vorticity at t = 170 (vjet =
0.20 case).
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Fig. 10 Velocity vector fields with color maps of vorticities (a) ωx and (b) ωz in the x= 207.2 plane. The geometric
relationship between vortex A and the surrounding vortices B, C and D is shown in (c). Contour lines of
Q= 0.0015 are also drawn in the figures (vjet = 0.20 case).
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Fig. 11 Bottom views of vortical structures visualized by Q = 0.0015 surfaces. Surface colors indicate the local
streamwise vorticity (vjet = 0.20 case).
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Fig. 12 Side views of vortices A and D visualized by Q = 0.0035 surfaces. Surface colors indicate the local
streamwise vorticity (vjet = 0.20 case).
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Fig. 15 Velocity vector fields with color maps of vorticities (a) ωx and (b) ωz in the x= 199.4 plane. The geometric
relationship between vortex A and the surrounding vortices B, C and D is shown in (c). Contour lines of
Q= 0.0015 are also drawn in the figures (vjet = 0.18 case).
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Fig. 16 Bottom views of vortical structures visualized by Q= 0.0015 surfaces. Colors at the surfaces indicate the
local streamwise vorticity (vjet = 0.18 case).
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Fig. 17 Side views of vortices A and D visualized by Q= 0.0035 surfaces. Colors at the surfaces indicate the local
streamwise vorticity (vjet = 0.18 case).
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Fig. 18 Top and side views of vortical structures visualized by λ2 = −0.0014 surfaces, colored by the local
streamwise vorticity at t = 170 (vjet = 0.20 case).
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